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Measurement of the Z — >■ rr Cross Section with the ATLAS Detector 
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(Dated: October 24, 2011) 

The Z ^ TT cross section is measured with the ATLAS experiment at the LHC in four different 
final states determined by the decay modes of the t leptons: muon-hadron, electron-hadron, electron- 
muon, and muon-muon. The analysis is based on a data sample corresponding to an integrated 
luminosity of 36 pb~^, at a proton-proton center-of-mass energy of = 7 TeV. Cross sections are 
measured separately for each final state in fiducial regions of high detector acceptance, as well as in 
the full phase space, over the mass region 66 — 116 GeV. The individual cross sections are combined 
and the product of the total Z production cross section and Z ^ tt branching fraction is measured 
to be 0.97 ± 0.07 (stat) ± 0.06 (syst) ± 0.03 (lumi) nb, in agreement with NNLO calculations. 

PACS numbers: 13.38.Dg, 13.85. Qk 



I. INTRODUCTION 

Tau leptons play a significant role in the search for new 
physics phenomena at CERN's Large Hadron Collider 
(LHC). Hence decays of Standard Model gauge bosons 
to T leptons, W ^ TV and Z — rr, are important back- 
ground processes in such searches and their production 
cross sections need to be measured precisely. Studies of 
Z — > TT processes at the LHC center-of-mass energies 
are also interesting in their own right, complementing 
the measurements of the Z boson through the electron 
and muon decay modes. Finally, measuring the cross 
section of a well-known Standard Model process involv- 
ing T leptons is highly important for the commissioning 
and validation of t identification techniques, which will 
be crucial for fully exploiting the ATLAS experiment's 
potential in searches for new physics involving t leptons. 

This paper describes the measurement of the Z — >■ rr 
cross section, using four different final states and an inte- 
grated luminosity of 36 pb^^, in pp collisions at a center- 
of-mass energy of ^/s = 7 TeV recorded with the ATLAS 
detector Jj at the LHC. Two of the considered final states 
are the semileptonic modes Z — > rr — > /i + hadrons + 



(Tfj^Th) and Z ^ TT 



hadrons + iv {Ti,Th) with 



branching fractions (22.50 ± 0.09)% and (23.13 ± 0.09)% 
respectively The remaining two final states are 

the leptonic modes Z — > rr — ^ e// + {'''eT^) and 
Z — !■ rr — > fifi + Av {t^t^) with branching fractions 
(6.20 ± 0.02)% and (3.01 ± 0.01)%, respectively % Due 
to the large expected multijet background contamination, 
the ThTh and TeTe final states are not considered in this 
publication. 

The Z ^ TT cross section has been measured previ- 
ously in pp collisions at the Tevatron using the semilep- 
tonic T decay modes [3, Q • More recently the cross sec- 
tion, using both the semileptonic and leptonic modes, 
was measured in pp collisions at the LHC by the CMS 
Collaboration [5j]. 



After a brief description of the ATLAS detector in Sec- 
tion [Hi the data and Monte Carlo samples are presented 
in Section IIIII The object and event selections are de- 
tailed in Section HVl The estimation of the backgrounds 
is described in Section |Vl The calculation of the cross 
sections is outlined in Section IVTl and a discussion of the 
systematic uncertainties is given in Section IVIII The re- 
sults, including the combination of the four channels, are 
presented in Section IVlIIl 



II. THE ATLAS DETECTOR 

The ATLAS detector [l| is a multi-purpose appara- 
tus operating at the LHC, designed to study a range of 
physics processes as wide as possible. ATLAS consists 
of several layers of subdetectors - from the interaction 
point outwards, the inner detector tracking system, the 
electromagnetic and hadronic calorimeters, and the muon 
system0 

The inner detector is immersed in a 2 T magnetic field 
generated by the central solenoid. It is designed to pro- 
vide high-precision tracking information for charged par- 
ticles and consists of three subsystems, the Pixel detec- 
tor, the Semi-Conductor Tracker (SCT), and the Transi- 
tion Radiation Tracker (TRT). The first two subsystems 
cover a region of |?7| < 2.5 in pseudorapidity, while the 
TRT reaches up to 1 77 1 = 2.0. A track in the barrel region 
typically produces 11 hits in the Pixel and SCT detectors 
and 36 hits in the TRT. 



Full author list given at the end of the article. 



^ ATLAS uses a right-handed coordinate system with its origin at 
the nominal interaction point (IP) in the center of the detector 
and the 2-axis along the beam pipe. The x-axis points from 
the IP to the center of the LHC ring, and the y axis points 
upward. Cylindrical coordinates (r, 0) are used in the transverse 
plane, </> being the azimuthal angle around the beam pipe. The 
pseudorapidity is defined in terms of the polar angle as r; = 
— lntan(9/2). The distance AR in the r\ — 4> space is defined as 
AR= V(A»?)2-H(A<^)2. 
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The electromagnetic (EM) and hadronic calorimeters 
cover the range I77I < 4.9, with the rj region matched 
to the inner detector having a finer granularity in the 
EM section, needed for precision measurements of elec- 
trons and photons. The EM calorimeter uses lead as an 
absorber and liquid argon (LAr) as the active material. 
The hadronic calorimeter uses steel and scintillating tiles 
in the barrel region, while the end-caps use LAr as the 
active material and copper as the absorber. The forward 
calorimeter also uses LAr as the active medium with cop- 
per and tungsten absorbers. 

The muon spectrometer relies on the deflection of 
muons as they pass through the magnetic field of the 
large superconducting air-core toroid magnets. The pre- 
cision measurement of muon track coordinates in the 
bending direction of the magnetic field is provided, over 
most of the 77-range, by Monitored Drift Tubes (MDT). 
Cathode Strip Chambers (CSC) are used in the inner- 
most plane for 2.0 < |?7| < 2.7 due to the high particle 
rate in that region. The muon trigger, as well as the coor- 
dinate in the direction orthogonal to the bending plane, 
are provided by Resistive Plate Chambers (RPC) in the 
barrel and Thin Gap Chambers (TGC) in the end-caps. 

The ATLAS detector has a three-level trigger system 
consisting of Level-1 (LI), Level-2 (L2), and the Event 
Filter (EF). 

At design luminosity the LI trigger rate is approxi- 
mately 75 kHz. The L2 and EF triggers reduce the event 
rate to approximately 200 Hz before data transfer to mass 
storage. 



III. DATA AND MONTE CARLO SAMPLES 

The data sample used in this analysis corresponds to 
a total integrated luminosity of about 36 pb~^, recorded 
with stable beam conditions and a fully operational de- 
tector in 2010. 

Events are selected using either single-muon or single- 
electron triggers with thresholds based on the transverse 
momentum (pt) or transverse energy (Et) of the muon 
or electron candidate, respectively. For the r^r/i and r^r^ 
final states, single-muon triggers requiring > 10 — 
13 GeV, depending on the run period, are used. For 
the TeTfi and t^t^ final states, a single-electron trigger 
requiring Et > 15 GeV is used. In the t^t^ final state 
the choice was made to use a single-electron trigger rather 
than a single-muon trigger because it is more efficient, as 
well as allowing a low offline cut on the muon. 

The efficiency for the muon trigger is determined from 
data using the so-called "tag-and-probe method" , applied 
to Z — /x/i events. It is found to be close to 95% in the 
end-cap region, and around 80% in the barrel region (as 
expected from the geometrical coverage of the RPC). 

Similarly, the electron trigger efficiency is measured in 
data, using W ^ ev and Z ^ ee events. It is mea- 
sured to be ^ 99% for offline electron candidates with 
i?T > 20 GeV and ~ 96% for electron candidates with 



Et between 16 and 20 GeV @. 

The signal and background Monte Carlo (MC) samples 
used for this study are generated at -/s = 7 TeV with the 
defauh ATLAS MClO tune ?| and passed through a full 
detector simulation based on the GEANt4 program Q. 
The inclusive W and "i* /Z signal and background sam- 
ples are generated with pythia 6.421 and are nor- 
malized to NNLO cross sections [lo| . 

For the tt background the mc@nlo generator is 
used [llj ] , w hile the diboson samples are generated with 

HERWIG [III- 

In all samples the r decays are modeled with 
TAUOLA [1^. All generators are interfaced to PHO- 
TOS [l3| to simulate the effect of final state QED ra- 
diation. 



IV. SELECTION OF ^ ^ rr CANDIDATES 

The event preselection selects events containing at 
least one primary vertex with three or more associated 
tracks, as well as aiming to reject events with jets or r 
candidates caused by out-of-time cosmic-rays events or 
known noise effects in the calorimeters. 

In the case of the two semileptonic decay modes, events 
are characterized by the presence of an isolated leptoij^ 
and a hadronic t decajH. The latter produces a highly 
coUimatcd jet in the detector consisting of an odd number 
of charged hadrons and additional calorimetric energy de- 
posits from possible 7r° decay products. The two leptonic 
decay modes are characterized by two isolated leptons 
of typically lower transverse momentum than those in 
Z ee//i/x events. Finally, in all four channels missing 
energy is expected from the neutrinos produced in the 
T decays. This analysis depends therefore on many re- 
constructed objects: electrons, muons, r candidates, jets 
and missing transverse momentum, 

A. Reconstructed Physics Objects 

1. Muons 

Muon candidates are formed by associating muon spec- 
trometer tracks with inner detector tracks after account- 
ing for energy loss in the calorimeter [l5|. A combined 
transverse momentum is determined using a statistical 
combination of the two tracks and is required to be 
greater than 15 GeV for the t^tu final states and 10 GeV 
for the TeTp and r^r^ final states. Muon candidates are 
also required to have \r]\ < 2.4 and a longitudinal impact 



^ In the following, the term "lepton", £, refers to electrons and 
muons only. 

^ In the following, reconstructed jets identified as hadronic t de- 
cays are referred to as "r candidates" or t/j. 
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parameter of less than 10 mm with respect to the pri- 
mary vertex. In the final muon selection, the combined 
muon tracks are also required to pass several inner detec- 
tor track quality criteria Jl^ , resulting in an efficiency of 
~ 92%, as measured in data using Z — >■ /x/x events. 

2. Electrons 

Electron candidates are reconstructed from clusters in 
the EM calorimeter matched to tracks in the inner de- 
tector. Candidate electrons are selected if they have 
a transverse energy Et > 16 GeV and are within the 
rapidity range I77I < 2.47, excluding the transition re- 
gion, 1.37 < I77I < 1.52, between the barrel and end- 
cap calorimeters. For the t^t^ final state, the candidates 
are required to pass the "medium" identification require- 
ments based on the calorimeter shower shape, track qual- 
ity, and track matching with the calorimeter cluster as 
described in [l^. The resulting efficiency is ~ 89%. For 
the TeTh final state, the electron candidate is instead re- 
quired to pass the "tight" identification criteria, with an 
efficiency of ~ 73%. In addition to the "medium" crite- 
ria, the "tight" selection places more stringent require- 
ments on the track quality, the matching of the track to 
the calorimeter cluster, the ratio between the calorime- 
ter energy and the track momentum, and the transition 
radiation in the TRT [l^. The electron reconstruction 
and identification efficiencies are measured in data using 
W ^ ev and Z — >• ee events. 



3. Jets 

The jets used in this analysis are reconstructed using 
the anti-ZcT algorithm pJTj, with a distance parameter 
R = 0.4, using three-dimensional topological calorimeter 
energy clusters as inputs. The energy of the jets is cali- 
brated using pt and 77-dependent correction factors (l8| 
based on simulation and validated by test beam and col- 
lision data. Jet candidates are required to have a trans- 
verse momentum > 20 GeV and a rapidity within 
hi < 4.5. 

4- Hadronic r candidates 

The reconstruction of hadronic r decays is seeded by 
calorimeter jets. Their energy is determined by applying 
a MC-based correction to the reconstructed energy in the 
calorimeters. Tracks with > 1 GeV passing minimum 
quality criteria are associated to calorimeter jets to form 
T candidates. Reconstructed t candidates are selected 
if they have a transverse momentum > 20 GeV and 
lie within the pseudorapidity range \ri\ < 2.47, exclud- 
ing the calorimeter transition region, 1.37 < I77I < 1.52. 
Further, a r candidate is required to pass identification 
selection criteria, based on three variables describing its 



energy-weighted transverse width in the electromagnetic 
calorimeter {Rem), its pr-weighted track width [Rtrack], 
and the fraction of the candidate's transverse momentum 
carried by the leading track. In order to account for the 
increasing colhmation of the r candidates with increas- 
ing px, the selection criteria on the quantities Rem and 
Rtrack are parametrized as a function of the px of the t 
candidate. The identification is optimized separately for 
candidates with one or multiple tracks. Additionally, a 
dedicated selection to reject fake r candidates from elec- 
trons is apphed. This leads to an efficiency of ~ 40% 
30%) for real 1 prong (3 prong) r candidates as de- 
termined from signal Monte Carlo [l^. For fakes from 
multijet final states the efficiency is ^ 6% (~ 2%) for 1 
prong (3 prong) candidates, as measured in data using a 
dijet selection |,2Q] . 

5. Missing transverse momentum 

The missing transverse momentum [E^'^^^) recon- 
struction used in all final states relies on energy de- 
posits in the calorimeter and on reconstructed muon 
tracks. It is defined as the vectorial sum E^^^^ — 
£:f"""(calo) + E^^^'^umon) - (energy loss), where 
i?^"**^ (calo) is calculated from the energy deposits in 
calorimeter cells inside three-dimensional topological 
clusters [l8|, i5™''''(muon) is the vector sum of the muon 
momenta, and E^'^^^ (energy loss) is a correction term ac- 
counting for the energy lost by muons in the calorimeters. 
There is no direct requirement on E^'^^^ applied in this 
analysis but the quantity and its direction is used in sev- 
eral selection criteria described later. 



6. Lepton isolation 

Leptons from j* /Z — ^ rr decays are typically isolated 
from other particles, in contrast to electrons and muons 
from multijet events (e.g. coming from b-hadron decays). 
Hence isolation requirements are applied to both the elec- 
tron and muon candidates used in the four final states 
considered. 

The first isolation variable is based on the total trans- 
verse momentum of charged particles in the inner detec- 
tor in a cone of size AR = 0.4 centered around the lepton 
direction, Ip^, divided by the transverse momentum or 
energy of the muon or electron candidate, respectively. 
A selection requiring /p^/px < 0.06 for the muon can- 
didate and Ip^/Et < 0.06 for the electron candidate is 
used for all final states except the t^t^ final state where 
a looser selection, Ip^/pT < 0.15, is applied. Due to the 
presence of two muon candidates the multijet background 
is smaller in this final state, and the looser isolation re- 
quirement provides a larger signal efficiency. 

A second isolation variable is based on the total trans- 
verse energy measured in the calorimeters in a cone AR 
around the lepton direction, I^^p , divided by the trans- 
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FIG. 1. Isolation variables (a) I^'^/pT for muon and (b) 
for electron candidates, after selecting one hadronic 
T candidate and one lepton with opposite signs in r^r/i and 
TeTh final states respectively. The multijet background is esti- 
mated from data according to the method described in Section 
rvl all other processes are estimated using MC simulations. 



verse momentum or energy of the muon or electron can- 
didate, respectively. For muon candidates, a cone of size 
Ai? = 0.4 is used, and the requirement I^-^/p^ < 0.06 is 
applied to all final states but the t^iT^ final state where 
a looser selection, I^^/p^ < 0.2, is applied. For electron 
candidates, a cone of size Ai? = 0.3 is used and a selec- 
tion requiring I^j^/E^ < 0.1 is applied in both TeT/j and 
TgTfj, final states. In the reconstruction of all the isolation 
variables, the lepton px or is subtracted. 

The efficiencies for these isolation requirements are 
measured in data using Z — > /i/i and Z ^ ee events 
and found to be 75 — 98% for muons and 60 — 95% for 
electrons, depending on the transverse momentum or en- 
ergy respectively. Figure [1] shows the distribution of the 
I^t/pt variable for muon and I^-j./Et variable for elec- 
tron candidates. 



B. Event selection 

To select the required event topologies, the following 
selections are applied for the final states considered in 
this analysis: 



• TnTh-. 



at least one isolated muon candidate with 



Pt > 15 GeV and one hadronic r candidate with 
PT > 20 GeV, 

• TeT/j: at least one isolated "tight" electron candi- 
date with Et > 16 GeV and one hadronic r candi- 
date with pt > 20 GeV, 

• T(,T^: exactly one isolated "medium" electron can- 
didate with Et > 16 GeV and one isolated muon 
candidate with p^ > 10 GeV, 

• '''fi'Tfj.'- exactly two isolated muon candidates with 
Pt > 10 GeV, at least one of which should have 
PT > 15 GeV. 

These selections are followed by a number of event-level 
selection criteria optimized to suppress electroweak back- 
grounds. 



1- TtTh final states 

The multijet background is largely suppressed by 
the T identification and lepton isolation require- 
ments previously discussed. Events due to W ^ 
W ^ TV ^ Ivvv, and ^* jZ — )• U decays can be rejected 
with additional event-level selection criteria. 

Any event with more than one muon or electron can- 
didate is vetoed, which strongly suppresses background 
from 7*/Z U + jets events. To increase the back- 
ground rejection, the selection criteria for the second lep- 
ton are relaxed with respect to those described in Sec- 
tion |IV3 the inner detector track quality requirements 
are dropped for the muons, while the electrons need only 
pass the "medium" selection and have Et > 15 GeV. 

In order to suppress the Il^-l-jets background, two ad- 
ditional selection criteria are applied. For signal events 
the E^^^^ vector is expected to fall in the azimuthal range 
spanned by the decay products, while inW ^ tv -I- jets 
events it will tend to point outside of the angle between 
the jet faking the r decay products and the lepton. Hence 
the discriminating variable ^ cos A(/) is defined as 



E 



cos A(/) = cos - ?!)(£;t"'')) 

+ cos (0(rh) - cj,{E^'n) 



(1) 



The variable ^ cos A(/) is positive when the E'^'^^^ vector 
points towards the direction bisecting the decay products 
and is negative when it points away. The distributions of 
^cos A(/) are shown in Figure 2(a) and |2(b)] for the r^r/j 
and TeT/i final states, respectively. The peak at zero cor- 
responds to ^* /Z — > TT events where the decay products 
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FIG. 2. The distributions of cos A(j} are shown for the (a) r^r^ and (b) TeT^ final states. The distributions of the transverse 
mass, rriT, are shown for the (c) r^Th and (d) TeTh final states. All distributions are shown after the object selection for the 
given final state and after requiring exactly one muon or electron candidate. A requirement on the charge of the r candidate 
to be of opposite sign to that of the lepton is also applied. The multijet background is estimated from data according to the 
method described in Section [V] all other processes are estimated using MC simulations. 



are back-to-back in the transverse plane. The W + jets 
backgrounds accumulate at negative ^ cos A(f) whereas 
the J* /Z — > TT distribution has an asymmetric tail ex- 
tending into positive ^ cos A(f) values, corresponding to 
events where the Z boson has higher p^. Events are 
therefore selected by requiring ^cosA0 > —0.15. Even 
though the resolution of the (j>{E!^^^^) direction is de- 
graded for low values of E^^^^, this has no adverse effect 
on the impact of this selection, as such events correspond 
to J2 cos Acf) ^ and hence pass the selection. 

To further suppress the W + jets background, the 
transverse mass, defined as 



TOT = V2ptW ■ -E'™^^ • (l - cos A0(^,£'™''^)) , (2) 



is required to be tot < 50 GeV. Figures 2(c) and 2(d) 
show the distribution of rriT for the r^r/i and T^Tfi final 
states, respectively. 



The visible mass TOvIs is defined as the invariant mass of 
the visible decay products of the two r leptons. Selected 
events are required to have a visible mass in the range 
35 < TOvis < 75 GeV. This window is chosen to include 
the bulk of the signal, while avoiding background con- 
tamination from Z ^ U decays. For Z events the 
peak is at slightly lower values than for Z ee events, for 
two reasons: muons misidentified as r candidates leave 
less energy in the calorimeter compared to misidentified 
electrons, and the proportion of events where the r can- 
didate arises from a misidentified jet, as opposed to a 
misidentified lepton, is higher in Z — > /i/i events. 

Furthermore, the chosen r candidate is required to 
have exactly 1 or 3 associated tracks and a reconstructed 
charge of unit magnitude, characteristic of hadronic r de- 
cays. The charge is determined as the sum of the charges 
of the associated tracks. Finally, the chosen r candi- 
date and the chosen lepton are required to have opposite 
charges as expected from Z —>■ tt decays. 
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FIG. 3. The distributions of the visible mass of the combination of the r candidate and the lepton are shown for the (a) 
TfiTh and (b) T^Th final states. These distributions are shown after the full event selection, except for the visible mass window 
requirement. 
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FIG. 4. Distributions of the pT of the r candidate and of the muon and Et of the electron, for events passing all signal 
selections for the t^tu and r^Th final states. 
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The distribution of the visible mass after the full selec- 
tion except the visible mass window requirement is shown 
in Figure [H The distributions of the lepton and r can- 
didate pt, for events passing all signal selection criteria, 
are shown in Figure |4l The r candidate track distribu- 
tion after the full selection except the requirements on 
the number of associated tracks and on the magnitude of 
the r charge is shown in Figure [5] 



2. TeTfx final state 

The TeT^ events are characterized by the presence of 
two oppositely charged and isolated leptons in the final 
state. Thus exactly one electron and one muon candidate 
of opposite electric charge, which pass the selections de- 
scribed in Section IIV A| are required. For events that 
contain two leptons of different flavors, the contributions 
from ^*/Z — >• ee and /Z — >• fifi processes is small. 
The remaining background is therefore due to W and Z 
leptonic decays, where an additional real or fake lepton 
comes from jet fragmentation. 

To reduce the W ^ ev,W ^ [iv, and tt backgrounds, 
the requirement ^ cos At/) > —0.15 is applied as in the 
semileptonic final states. Figure |6] shows the distribution 
of ^ cos A(/) after the previous selection criteria. 

A further requirement is made to reduce the ti back- 
ground. Unlike for the signal, the topology of tt events is 
characterized by the presence of high-pT jets and leptons, 
as well as large E^^^^ . 

Hence the variable 



jets 



TTimiss 



(3) 



is defined, where the electron and muon candidates, the 
jets and iJ™"''' pass the selections described in Sec- 
tion |IV3 The distribution of this variable for data and 
Monte Carlo after the ^ cos A(/ii requirement is shown in 
Figure El Requiring E -E't + -Ef?*"" < 150 GeV rejects 
most of the tt background. 

Finally, since ^* jZ ^ U events are a small background 
in this final state, the dilepton invariant mass is required 
to be within a wider range than in the semileptonic case: 

25 < Top 



by the two muon candidates having an invariant mass of 
25 < m^,^, < 65 GeV. 

A boosted decision tree (BDT) [2l| is used to max- 
imize the final signal efficiency and the discrimination 
power against the background. The BDT is trained using 
Z — TT Monte Carlo samples as signal and j* /Z — )■ fifj, 
Monte Carlo samples as background. No other back- 
grounds are introduced in the training, in order to achieve 
the maximum separation between the signal and the main 
(7*/Z fifi) background. The BDT is trained after 
the selection of two oppositely charged muon candidates 
whose invariant mass fall within the signal region. To 
maximize the available Monte Carlo statistics for train- 
ing and testing, no isolation requirements are applied to 
the muon candidates. 

The following input variables to the BDT training 
are used: the difference in azimuthal angle between the 
two muon candidates (A(/!)(/Lti, /X2)), the difference in az- 
imuthal angle between the leading muon candidate and 
the E^''''' vector (A0(^i, the difference in the 

Pt of the two muon candidates (pt(/^i) — Pt(/^2)), the 
transverse momentum of the leading muon candidate 
(pt(mi))j ^-nd the sum of the absolute transverse im- 
pact parameters of the two muon candidates (|(io(/ii)| -I- 
Mo(M2)|)- Distributions of these variables for the events 
that are passed to the BDT are shown in Figure[9] Differ- 
ences between data and Monte Carlo are consistent with 
the estimated systematic uncertainties, and the agree- 
ment is best in the regions most relevant for the signal 
and background separation. The sum of the muon trans- 
verse impact parameters has the highest discriminating 
power between the signal and the ^* jZ — > back- 
ground. Figure [TU] shows the distribution of the BDT 
output. Good agreement between data and MC is ob- 
served. Events are selected by requiring a BDT output 
greater than 0.07. Cutting on this value gives the best 
signal significance, and has an efficiency of 0.38 ± 0.02. 
The visible mass distribution after the full selection ex- 
cept the mass window requirement can be seen in Fig- 
ure |7(b)| and compared to the data. Figure [TT] shows 
the distributions of the of the two muon candidates 
passing the full t^t^ selection. 



i-e^ < 80 GeV. Figur e [7(a) shows the distribution 
of the visible mass. Figure |8J shows the px distributions 
of both leptons for events passing the full signal selection. 



V. BACKGROUND ESTIMATION 

3. TfiTfi final state 



The TfiTf^ final state is characterized by two oppo- 
sitely charged muons. Therefore only events that con- 
tain exactly two muon candidates with opposite charge 
that pass the selection criteria described in Section IIV Al 
are considered, with the additional requirement that the 
leading muon has a transverse momentum greater than 
15 GeV. The signal region for this final state is defined 



In order to determine the purity of the selected Z — > tt 
events and the Z ^ tt production cross section, the 
number of background events passing the selection cri- 
teria must be estimated. The contributions from the 
7*/Z — tt and diboson backgrounds are taken from 
Monte Carlo simulations, while all other backgrounds are 
estimated using partially or fully data-driven methods. 
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FIG. 5. Distribution of the number of tracks associated to r candidates after the full selection, including the opposite-charge 
requirement for the r candidate and the lepton, except the requirement on the number of tracks and on the magnitude of the 
r charge. 



A. Vy+jets background 

In the two dileptonic final states, the W £iy and 
W ^ TV backgrounds are found to be small, and their 
contribution is similarly obtained from simulations. In 
the two semileptonic final states, where these back- 
grounds are important, they are instead constrained with 
data by obtaining their normalization from a W boson- 
enriched control region. This normalization corrects the 
Monte Carlo for an overestimate of the probability for 
quark and gluon jets produced in association with the 
W to be misidentified as hadronic t decays. The control 
region is defined to contain events passing all selection 
criteria except those (ttit, X^^osA^) rejecting the W 
background. This provides a high-purity W sample. The 
multijet background contamination in this region is ex- 
pected to be negligible, while the Monte Carlo estimate of 
the small ^* /Z — >■ U and tt contribution is subtracted be- 
fore calculating the normalization factor. The obtained 
normalization factor is 0.73 ± 0.06 (stat) for the r^Th 
final state and 0.63 ± 0.07 (stat) for the TeTh final state. 



B. 7*/Z — > /i/i background 

The most important electroweak background to the 
'T^l'''^J^ final state comes from ^* jZ — /i/i events. The 
normalization of the Monte Carlo simulation is cross- 
checked after the dimuon selection, for events with invari- 
ant masses between 25 GeV and 65 GeV. In this region, 
the 7*/.^ — >■ /i/i process is dominant and is expected to 
contribute to over 94% of the selected events. The ex- 
pected backgrounds arising from other electroweak pro- 
cesses are subtracted and the multijet contribution esti- 
mated using a data-driven method described later in this 
section. The number of ^* jZ — >■ /x/i events in the selected 



mass window is consistent between Monte Carlo and data 
within the uncertainties of ~ 8% (to be compared with a 
7% difference in rate). Therefore no correction factor is 
applied to the ^* jZ — pL[i Monte Carlo prediction. 



C. Multijets 

The multijet background estimation is made by em- 
ploying data-driven methods in all final states. In the 
TeTTi, TTiTft, and T^Th final states, a multijet enriched con- 
trol region is constructed by requiring the two candidate 
T decay products to have the same sign. The ratios of 
events where the decay products have the opposite sign to 
those where they have the same sign Rqs/ss is then mea- 
sured in a separate pair of control regions where the lep- 
ton isolation requirement is inverted. Electroweak back- 
grounds in all three control regions are subtracted using 
Monte Carlo simulations. For the same-sign control re- 
gions of the semileptonic final states, the W normaliza- 
tion factor is recomputed using a new W control region 
identical to that described above, except for having the 
same-sign requirement applied. The reason is that the 
sign requirement changes the relative fraction of quark- 
and gluon-induced jets leading to different t misidentifi- 
cation probabilities. The following values of Rqs/SS ^-^e 
obtained: 

1.07 ± 0.04 (stat) ± 0.04 (syst) r^T/i final state 
1.07 ± 0.07 (stat) ± 0.07 (syst) TeV, final state 
1.55 ± 0.04 (stat) ± 0.20 (syst) t^t^ final state. 
The Rqs/ss ratios measured in non- isolated events are 
applied to the same-sign isolated events in order to esti- 
mate the multijet contribution to the signal region. The 
multijet background is estimated after the full selection 
in the two semileptonic final states, and after the dilepton 
selection in the Tgr^ final state, due to limited statistics. 
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TABLE I. Expected number of events per process and number of events observed in data for an integrated luminosity of 36 pb~^ , 
after the full selection. The background estimates have been obtained as described in Section [V] The quoted uncertainties are 
statistical only. 













7*/Z — > 11 


11.1 ± 0.5 


6.9 ± 0.4 


1.9 ± 0.1 


36 ± 1 


W ^(.v 


9.3 ±0.7 


4.8 ±0.4 


0.7 ±0.2 


0.2 ±0.1 


W ^ TU 


3.6 ±0.8 


1.5 ±0.4 


< 0.2 
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tt 


1.3 ±0.1 
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The efRciency of the remaining selection criteria is ob- 
tained from the same-sign non-isolated control region. 

This method assumes that the Rqs/ss ratio is the 
same for non-isolated and isolated leptons. The mea- 
sured variation of this ratio as a function of the isolation 
requirements is taken as a systematic uncertainty. 

The multijet background to the t^t^ final state is es- 
timated in a control region defined as applying the full 
selection, but requiring the subleading muon candidate 
to fail the isolation selection criteria. A scaling factor 
is then calculated in a separate pair of control regions, 
obtained by requiring that the leading muon candidate 
fails the isolation selection and that the subleading muon 
candidate either fails or passes it. This scaling factor is 
further corrected for the correlation between the isola- 
tion variables for the two muon candidates. The multijet 
background in the signal region is finally obtained from 
the number of events in the primary control region scaled 
by the corrected scaling factor. 



D. Summary 

Table |T] shows the estimated number of background 
events per process for all channels. The full selection 
described in Section IIVI has been applied. Also shown 
are the expected number of signal events, as well as the 
total number of events observed in data in each channel 
after the full selection. 



VI. CROSS SECTION CALCULATION 



FIG. 6. Distributions of the variables (a) ^cosAc/i, after 
the lepton isolation selection, and (b) ^ Et + E^^^^ after 
the ^ cosAi^ selection, for the t^t^ final state. The multijet 
background is estimated from data according to the method 
described in Section|Vl all other processes are estimated using 
MC simulations. 



The measurement of the cross sections is obtained us- 
ing the formula 



(t(Z 



tt) X B = 



A"obs — A^bkg 



(4) 



Az-Cz-C 

where Nq^s is the number of observed events in data, 
A^bkg is the number of estimated background events, B 
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FIG. 7. The distributions of the visible mass for the (a) r^r^j and (b) t^t^ final states, after all selections except the selection 
on the visible mass. 
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FIG. 8. Distributions of the (a) Et of the electron and (b) 
Pt of the muon, for events passing all selections for the TeT^ 
final state. 



is the branching fraction for the channel considered and 
C denotes the integrated luminosity for the final state of 
interest. Cz is the correction factor that accounts for the 
efficiency of triggering, reconstructing and identifying 
the Z ^ TT events within the fiducial regions, defined as: 



T^Th final state: 

Muon 

Tau 

Event 

TeT/j final state: 
Electron 



Tau 



Event 



TeT^t final state: 
Electron 



Muon 
Event 



PT > 15 GeV, |r?| < 2.4 
PT > 20 GeV, |77| < 2.47, 
excluding 1.37 < \tj\ < 1.52 
EcosA0 > -0.15, mx < 50 GeV, 
within [35, 75] GeV 

Et > 16 GeV, |?7| < 2.47, 
excluding 1.37 < < 1.52 
PT > 20 GeV, |ry| < 2.47, 
excluding 1.37 < |?7| < 1.52 
S cos A(j) > -0.15, mx < 50 GeV, 

Wvis 

within [35, 75] GeV 

Et > 16 GeV, \r]\ < 2.47, 
excluding 1.37 < |?7| < 1.52 
PT > 10 GeV, \t]\ < 2.4 
E cos Ac/) > -0.15, 
mvis within [25, 80] GeV 



T^T^ final state: 



Leading muon pT > 15 GeV, jjyj < 2.4 
Subleading muon pT > 10 GeV, jvyj < 2.4 



Event 



within [25, 65] GeV 



The Cz factor is determined as the ratio between the 
number of events passing the entire analysis selection af- 
ter full detector simulation and the number of events in 
the fiducial region at generator level. The four-momenta 
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FIG. 9. Distributions of some of the input variables to the BDT used to optimize the selection of the r^r^ final state. The data 
are compared to signal {j* /Z — >■ rr) and 'y* /Z — ^ fj,jj, Monte Carlo samples. The multijet background is estimated from data 
(see Section |V)). The observed differences are consistent with the estimated systematic uncertainties on the 7*/.^ background 
normalization. 
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BDT Output 

FIG. 10. The distribution of the r^r^ BDT output for the 
data and the expected backgrounds. Events with a BDT out- 
put greater than 0.07 are selected. 



of electrons and muons are calculated including photons 
radiated within a cone of size AR = 0.1. The four- 
momenta of the T candidates are defined by including 
photons radiated by both the r leptons and their decay 
products within a cone of size AR = 0.4. By construc- 
tion Cz accounts for migrations from outside of the ac- 
ceptance. The correction by the Cz factor provides the 
cross section within the fiducial region of each measure- 
ment 

Cz ■ JO 

which is independent of the extrapolation procedure to 
the full phase space, and therefore is less affected by theo- 
retical uncertainties in the modeling of the Z production. 

The acceptance factor Az allows the extrapolation of 
a^^ to the total cross section, defined by Eq. SI The Az 
factor is determined from Monte Carlo as the ratio of 
events at generator level whose rr invariant mass, before 
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FIG. 11. Distributions of the pt of (a) the leading and (b) 
the subleading muons, for events passing all criteria for the 



final state radiation (FSR), lies within the mass window 
[66, 116] GeV, and the number of events at generator 
level that fall within the fiducial regions defined above. 

The Az factor accounts for events that migrate from 
outside the invariant mass window into the fiducial se- 
lection criteria. The central values for Az and Cz are 
determined using a pythia Monte Carlo sample gener- 
ated with the modified LO parton distribution functions 
(PDFs) MRSTLO* [22j and the corresponding ATLAS 
MClO tune i?,]. 



VII. SYSTEMATIC UNCERTAINTIES 

A. Systematic uncertainty on signal and 
background predictions 

a. Efficiency of lepton trigger, identification, and iso- 
lation As described in Sections llIII and lTVl the efficiency 
of the lepton trigger, reconstruction, identification and 
isolation requirements are each measured separately in 



data, and the corresponding Monte Carlo efficiency for 
each step is corrected to agree with the measured val- 
ues. These corrections are applied to all relevant Monte 
Carlo samples used for this study. Uncertainties on the 
corrections arise both from statistical and systematic un- 
certainties on the efficiency measurements. 

For the electrons, when estimating the effect of these 
uncertainties on the signal yield and on the background 
predictions for each final state, the uncertainties of the in- 
dividual measurements are conservatively treated as un- 
correlated to each other and added in quadrature. The 
largest contribution to the electron efficiency uncertainty 
comes from the identification efficiency for Iow-Et elec- 
trons, where the statistical uncertainty on the measure- 
ment is very large. The total electron uncertainty is es- 
timated to be between 5-9% relative to the efficiency, 
depending on the selection. 

For muons, the uncertainty is determined in the same 
way as for electrons and is estimated to be 2-4% relative 
to the efficiency. 

b. Efficiency of hadronic t identification The uncer- 
tainties on the hadronic r reconstruction and identifica- 
tion efficiencies are evaluated by varying simulation con- 
ditions, such as the underlying event model, the amount 
of detector material, the hadronic shower model and the 
noise thresholds of the calorimeter cells in the cluster re- 
construction. These contributions are added in quadra- 
ture to obtain the final systematic uncertainty in bins of 
Pt of the r candidate and independently for the one track 
and three track r candidates and for low (< 2) and high 
multiplicity of primary vertices in the event. The latter 
categorization is necessary due to the effects of pile-up 
(additional soft interactions in the same bunch crossing 
as the interaction that triggered the readout). In events 
with a large number of additional interactions the r iden- 
tification performance worsens, since the discriminating 
variables are diluted due to the increased activity in the 
tracker and calorimeters. The systematic uncertainties 
are estimated to be around 10% relative to the efficiency 
for most cases, varying between 9% and 12% with the r 
candidate pt, number of tracks, and number of vertices 
in the event |ig |. 

c. Electron and jet misidentification as t candidates 
The probability for an electron or a QCD jet to be 
misidentified as a hadronic r is measured in data. The 
misidentification probability for electrons is determined 
using an identified Z — > ee sample where t identification 
is applied to one of the electrons. Correction factors are 
derived for the Monte Carlo misidentification probability 
for electrons, binned in rj. These corrections are applied 
to r candidates matched in simulation to a generator- 
level electron, with the uncertainty on the correction fac- 
tor taken as the systematic uncertainty. The QCD jet 
misidentification probability is measured in Z — > tt-j-jet 
events. The difference to the Monte Carlo prediction for 
the same selection, added in quadrature with the statis- 
tical and systematic uncertainties of the measurement, is 
taken as the systematic uncertainty. These corrections 
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are applied to r candidates not matched to a generator- 
level electron. The r candidate misidentification system- 
atic uncertainties are not applied to the W Monte Carlo 
samples, as these have been normalized to data to ac- 
count for the QCD jet misidentification probability. In- 
stead the uncertainty on the normalization is applied, as 
described later in this section. 

d. Energy scale The t energy scale uncertainty is 
estimated by varying the detector geometry, hadronic 
showering model, underlying event model as well as the 
noise thresholds of the calorimeter cells in the cluster 
reconstruction in the simulation, and comparing to the 
nominal results [l^. The electron energy scale is deter- 
mined from data by constraining the reconstructed di- 
electron invariant mass to the well-known Z — >■ ee line 
shape. For the central region the linearity and resolution 
are in addition controlled using J/ijj ^ ee events. 

The jet energy scale uncertainty is evaluated from 
simulations by comparing the nominal results to Monte 
Carlo simulations using alternative detector configura- 
tions, alternative hadronic shower and physics models, 
and by comparing the relative response of jets across 
pseudo-rapidity between data and simulation [1^ . Addi- 
tionally, the calorimetric component of the E^^^^ is sensi- 
tive to the energy scale, and this uncertainty is evaluated 
by propagating first the electron energy scale uncertainty 
into the E^^^^ calculation and then shifting all topologi- 
cal clusters not associated to electrons according to their 
uncertainties 18]. 

The electron, r and jet energy scale uncertainties, as 
well as the calorimetric component of the E™^^^, are all 
correlated. Their effect is therefore evaluated by simul- 
taneously shifting each up and down by one standard 
deviation; the jets are not considered in the semileptonic 
final states, while the r candidates are not considered for 
the dilepton final states. The muon energy scale, and the 
correlated effect on the E^^^^, is also evaluated but found 
to be negligible in comparison with other uncertainties. 

e. Background estimation The uncertainty on the 
multijet background estimation arises from three sep- 
arate areas. Electroweak and tt backgrounds are sub- 
tracted in the control regions and all sources of system- 
atics on these backgrounds are taken into account. Each 
source of systematic error is varied up and down by one 
standard deviation and the effect on the final multijet 
background estimation is evaluated. 

The second set of systematic uncertainties is related 
to the assumptions of the method used for the TeTh, 
Tfj^Th, and TeTp final state multijet background estima- 
tions, that the ratio of opposite-sign to same-sign events 
in the signal region is independent of the lepton isolation. 

These systematic uncertainties are evaluated by study- 
ing the dependence of Rqs/ss on the isolation variables 
selection criteria and, for the TeT^ channel, comparing 
the efficiencies of the subsequent selection criteria in the 
opposite and same sign regions. For the estimation of the 
multijet background in the t^t^ final state, the uncertain- 
ties due to the correlation between the isolation of the two 



muon candidates are evaluated by propagating the sys- 
tematic uncertainties from the subtracted backgrounds 
into the calculation of the correlation factor. The third 
uncertainty on the multijet background estimation arises 
from the statistical uncertainty on the number of data 
events in the various control regions. 

The uncertainty on the VF-|-jets background estimation 
method is dominated by the statistical uncertainty on 
the calculation of the normalization factor in the control 
region, as described in Section [Vj and the energy scale 
uncertainty. 

/. Muon do smearing In the t^t^ final state, a 
smearing is applied to the transverse impact parameter 
of the muons with respect to the primary vertex (do) 
to match the Monte Carlo resolution with the value ob- 
served in data. The muon do distribution is compared 
between data and Monte Carlo using a sample of Z /i/i 
events and it is found to be well-described by a double 
Gaussian distribution. The 20% difference in width be- 
tween data and simulation is used to define a smearing 
function which is applied to the do of each simulated 
muon. The systematic uncertainty due to the smearing 
procedure is estimated by varying the widths and the 
relative weights of the two components of the impact pa- 
rameter distributions applied to the Monte Carlo, within 
the estimated uncertainties on their measurement. An 
additional uncertainty is found for the Z ^ tt signal 
sample. 

g. Other sources of systematic uncertainty The un- 
certainty on the luminosity is taken to be 3.4%, as de- 
termined in [2^, [23|. A number of other sources, such 
as the uncertainty due to the object quality require- 
ments on r candidates and on jets, are also evaluated 
but have a small impact on the total uncertainty. The 
Monte Carlo is reweighted so that the distribution of the 
number of vertices matches that observed in data; the 
systematic uncertainty from the reweighting procedure 
amounts to a permille effect. The lepton resolution and 
charge misidentification are found to only have a sub- 
percent effect on Cz and the background predictions. 
Systematic uncertainties due to a few problematic calori- 
metric regions, affecting electron reconstruction, are also 
evaluated and found to a have a very small effect. The 
uncertainties on the theoretical cross sections by which 
the background Monte Carlo samples are scaled are also 
found to only have a very small impact on the corre- 
sponding background prediction, except for the t^t^^ final 
state, which has a large electroweak background contam- 
ination. 



B. Systematic uncertainty on the acceptance 

The theoretical uncertainty on the geometric and kine- 
matic acceptance factor Az is dominated by the limited 
knowledge of the proton PDFs and the modeling of the Z- 
boson production at the LHC. The uncertainty due to the 
choice of PDF set is evaluated by considering the max- 
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TABLE II. Relative statistical and systematic uncertainties in % on the total cross section measurement. The electron and 
muon efficiency terms include the lepton trigger, reconstruction, identification and isolation uncertainties, as described in the 
text. The last column indicates whether a given systematic uncertainty is treated as correlated (/) or uncorrelated (X) among 
the relevant channels when combining the results, as described in Section IVIIIBI For the multijet background estimation 
method, the uncertainties in the r^r^, TeTh, and t^t^ channels are treated as correlated while the t^jT^ uncertainty is treated 
as uncorrelated, since a different method is used, as described in Section FVl 
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pile-up description in simulation 


0.4% 
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/ 


Theoretical cross section 
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Total Systematic uncertainty 
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9.8% 


12% 
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Luminosity 
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3.4% 


3.4% 
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imal deviation between the acceptance obtained using 
the default sample and the values obtained by reweight- 
ing this sample to the CTEQ6.6 and HERAPDFl.O^ 
PDF sets. The uncertainties within the PDF set are de- 
termined by using the 44 PDF error eigenvectors avail- 
able for the CTEQ6.6 NLO PDF set. The variations 
are obtained by reweighting the default sample to the 
relevant CTEQ6.6 error eigenvector. The uncertainties 
due to the modeling of W and Z production are esti- 
mated using MC@NLO interfaced with herwig for par- 
ton showering, with the CTEQ6.6 PDF set and ATLAS 
MClO tune and a lower bound on the invariant mass 
of 60 GeV. Since herwig in association with external 
generators does not handle r polarizations correctly [13] , 
the acceptance obtained from the mc@nlo sample is cor- 
rected for this effect, which is of order 2% for the T^Th 
and r^T/i channels, 8% for the Tgr^ channel, and 3% for 
the T^T^ channel. The deviation with respect to the Az 
factor obtained using the default sample reweighted to 
the CTEQ6.6 PDF set central value and with an applied 
lower bound on the invariant mass of 60 GeV is taken 
as uncertainty. In the default sample the QED radia- 
tion is modeled by PHOTOS which has an accuracy of 
better than 0.2%, and therefore has a negligible uncer- 
tainty compared to uncertainties due to PDFs. Summing 
in quadrature the various contributions, total theoretical 
uncertainties of 3% are assigned to Az for both of the 
semileptonic and the Tgr^ final states and of 4% for the 
Tfj^Tfj, final state. 



C. Summary of systematics 



The uncertainty on the experimental acceptance Cz is 
given by the effect of the uncertainties described in Sec- 
tion IVII Al on the signal Monte Carlo, after correction 
factors have been applied. For the total background esti- 
mation uncertainties, the correlations between the elec- 
troweak and ti background uncertainties and the multijet 
background uncertainty, arising from the subtraction of 
the former in the control regions used for the latter, are 
taken into account. The largest uncertainty results from 
the T identification and energy scale uncertainties for the 
T^Th and TeT/i final states. Additionally, in the TeTh fi- 
nal state, the uncertainty on the electron efficiency has 
a large contribution. This is also the dominant uncer- 
tainty in the Tgr^ final state. In the t^t^ final state, the 
uncertainty due to the muon efficiency is the dominant 
source, with the muon do contribution being important 
in the background estimate contributions for that chan- 
nel. The correlation between the uncertainty on Cz and 
on (A^obs ~ Abkg) is accounted for in obtaining the final 
uncertainties on the cross section measurements, which 
are summarized in Table [Til 
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VIII. CROSS SECTION MEASUREMENT 

A. Results by final state 

The determination of the cross sections in each final 
state is performed by using the numbers from the previ- 
ous sections, provided for reference in Table Hill follow- 
ing the method described in Section IVll Table HVl shows 
the cross sections measured individually in each of the 
four final states. Both the fiducial cross sections and 
the total cross sections for an invariant mass window of 
[66, 116] GeV are shown. 

TABLE III. The components of the Z tt cross section 
calculations for each final state. For A'obs — A^bkg the first 
uncertainty is statistical and the second systematic. For all 
other values the total error is given. 



A^obs 213 151 

A^obs-iVbkg 164 ±16 ±4 114 ±14 ±3 

Az 0.117 ±0.004 0.101 ±0.003 

Cz 0.20 ±0.03 0.12 ±0.02 

B 0.2250 ± 0.0009 0.2313 ± 0.0009 

C 35.5 ± 1.2 pb"^ 35.7 ± 1.2 pb~^ 



Nohs 85 90 

iVobs - iVbkg 76 ± 10 ± 1 43 ± 10 ± 3 

Az 0.114 ±0.003 0.156 ±0.006 

Cz 0.29 ±0.02 0.27 ±0.02 

B 0.0620 ± 0.0002 0.0301 ± 0.0001 

£. 35.5 ± 1.2 pb"^ 35.5 ± 1.2 pb"^ 



B. Combination 

The combination of the cross section measurements 
from the four final states is obtained by using the Best 
Linear Unbiased Estimate (BLUE) method, described 
in [H [ill. The BLUE method determines the best es- 
timate of the combined total cross section using a lin- 
ear combination built from the individual measurements, 
with an estimate of a that is unbiased and has the small- 
est possible variance. This is achieved by constructing a 
covariance matrix from the statistical and systematic un- 
certainties for each individual cross section measurement, 
while accounting for correlations between the uncertain- 
ties from each channel. 

The systematic uncertainties on the individual cross 
sections due to different sources are assumed to either 



be fully correlated or fully uncorrelated. All systematic 
uncertainties pertaining to the efficiency and resolution 
of the various physics objects used in the four analyses 

TABLE IV. The production cross section times branching 
fraction for the Z — >■ rr process as measured in each of the 
four final states, and the combined result. For the fiducial 
cross sections the measurements include also the branching 
fraction of the r to its decay products. The first error is 
statistical, the second systematic and the third comes from 
the luminosity. 



Final State 


Fiducial cross section (pb) 




23 ± 2 ± 3 ± 1 


TeTh 


27 ± 3 ± 5 ± 1 




7.5 ± 1.0 ±0.5 ±0.3 




4.5 ± 1.1 ±0.6 ±0.2 


Final State 


Total cross section ([66, 116] GeV) (nb) 


Tfj,Th 


0.86 ±0.08 ±0.12 ±0.03 


TeTh 


1.14 ±0.14 ±0.20 ±0.04 


TeT^i 


1.06 ±0.14 ±0.08 ±0.04 




0.96 ±0.22 ±0.12 ±0.03 


Z TT 


0.97 ±0.07 ±0.06 ±0.03 



- reconstructed electron, muon, and hadronically decay- 
ing tau candidates - are assumed to be fully correlated 
between final states that make use of these objects. No 
correlation is assumed to exist between the systematic 
uncertainties relating to different physics objects. Sim- 
ilarly, the systematic uncertainties relating to the trig- 
gers used by the analyses are taken as fully correlated 
for the final states using the same triggers and fully un- 
correlated otherwise. The systematic uncertainty on the 
energy scale is conservatively taken to be fully correlated 
between the final states. 

As the multijet background is estimated using the same 
method in the TeT^, r^r?t, and TeTh final states, the 
systematic uncertainty on the method is conservatively 
treated as fully correlated. 

Finally, the systematic uncertainties on the acceptance 
are assumed to be completely correlated, as are the un- 
certainties on the luminosity and those on the theoretical 
cross sections used for the normalization of the Monte 
Carlo samples used to estimate the electroweak and tt 
backgrounds. 

This discussion is summarized in Table where the 
last column indicates whether a given source of system- 
atic uncertainty has been treated as correlated or uncor- 
related amongst the relevant channels when calculating 
the combined result. 

Individual cross sections and their total uncertainties 
for the BLUE combination, as well as the weights for each 
of the final states in the combined cross section, together 
with their pulls, are also shown in Table fVl 

Under these assumptions, a total combined cross sec- 
tion of 
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a{Z ~> TT, 66 < minv < 116 GeV) = 0.97 ± 0.07 (stat) ± 0.06 (syst) ± 0.03 (lumi) nb 



(6) 



is obtained from the four final states, t^t^, Tf.Th, t^t^, 
and r^T^. 



Z ^ XT combined 

36pb' 

Z -» ee/nti 

0.3pb' 



0.6 



ATLAS 



— Stat 

I — Syst e Stat 

— Syst e Stat 9 Lumi 
Theory (NNLO) 



0.8 



1 1.2 1.4 1.6 

a{Z ^ II, 66<m. <1 1 6 GeV) [nb] 



IX. SUMMARY 

A measurement of the Z — >■ rr cross section in proton- 
proton cohisions at ^/s — 7 TeV using the ATLAS de- 
tector is presented. Cross sections are measured in four 
final states, r^r?!, TeTh, TgT^, and t^t^ within the invari- 
ant mass range [66, 116] GeV. The combined measure- 
ment is also reported. A total combined cross section of 
a = 0.97 ± 0.07 (stat) ± 0.06 (syst) ± 0.03 (lumi) nb is 
measured, which is in good agreement with the theoreti- 
cal expectation and with other measurements. 
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TABLE V. Individual cross sections and their total uncertain- 
ties used in the BLUE combination, the weights for each of 
the final states in the combined cross section, and their pulls. 
The pull here is defined as the difference between the individ- 
ual and combined cross sections divided by the uncertainty 
on this difference. The uncertainty on the difference between 
the measured and combined cross section values includes the 
uncertainties on the cross section both before and after the 
combination, taking all correlations into account. 









TeTfj, 




az~*Tr (nb) 


0.86 


1.14 


1.06 


0.96 


Total unc. (nb) 


0.15 


0.24 


0.17 


0.25 


Weight 
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7.9% 


39.0% 


13.7% 


Pull 


1.02 


-0.76 


-0.68 


0.06 
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